The 'plasmon' solution of De Young & Axford describes the interaction between a highvelocity clump and the surrounding medium. Even though this solution is probably too simplistic, it has proven to be most useful in the study of diverse astrophysical flows. In the present paper, we discuss a more detailed solution of the plasmon problem, which includes the centrifugal effects of the environmental material flowing around the plasmon. We derive both numerical and approximate analytic solutions of this problem, and compare them with the analytic solution of De Young & Axford.
INTRODUCTION
De Young & Axford (1967) derived the well-known analytic 'plasmon' solution for the problem of a clump of gas propagating through a uniform environment. This solution is based on the direct consideration of the balance between the ram pressure of the environment and the internal, stratified pressure of the decelerating clump.
There are important questions as to whether this analytic solution actually represents the real flow. Numerical simulations of a gaseous clump streaming past a uniform environment have been carried out many times (see e.g. Nittmann, Falle & Gaskell 1982) , and consistently find that the clump tends to break up into smaller fragments. This kind of phenomenon clearly lies outside the simple, analytic description of De Young & Axford (1967, hereafter DA) .
Through the years the analytic plasmon solution has played a very important role in attempts to model different kinds of astrophysical flows. For example, the plasmon solution has been used for models of the confinement of radio lobes propagating through the intergalactic medium (Ubachukwu, Okoye & Onuora 1991; Daly 1994) , models of radio-loud quasars (Daly 1995) and models of the optical narrow-line regions of Seyfert galaxies (Taylor, Dyson & Axon 1992; Veilleux, Brent & Bland-Hawthorn 1993) . The plasmon solution has also been used to compute the trajectory of a cloud ejected from a galactic nuclear region as it interacts with the surrounding medium (Pişmiş & Moreno 1993) . On interstellar scales, the cometary shape of some molecular clouds (Odenwald et al. 1992 ) and also the head-tail morphologies observed in the fine structure of H I (galactic) high-velocity clouds (Giovanelli & Haynes 1977) suggest that the mechanism of ram pressure sweeping (plasmon model) can also be applied. This ram pressure confinement model is also relevant in modelling the strings of knots observed in some planetary nebulae which propagate supersonically through the ambient gas, forming a bow shock (Palmer et al. 1996) .
Because of the importance of the plasmon model, we have reanalized this problem, and derived a new solution along the same lines as the work of DA, but now including the centrifugal effects of the environmental gas as it streams around the clump.
In the following section (Section 2), we rederive in detail the plasmon solution of DA. The equations for the plasmon including the centrifugal pressure, and a numerical solution of these equations are presented in Section 3. Approximate, analytic solutions to the problem with centrifugal pressure are presented in Section 4.
THE PLASMON OF DE YOUNG & AXFORD
Let us consider a clump of mass M and uniform isothermal sound speed c, moving supersonically with a velocity v 0 in the x-direction through a uniform medium of density r 0 (see Fig. 1 ). The clump feels a deceleration a, and adopts a pressure and density stratification given by the hydrostatic condition:
which has a solution of the form
where P 0 is the pressure at the tip of the clump and h is the scaleheight of the pressure distribution, which is given by
DA found the shape of the clump by assuming a balance between the pressure in the clump and the ram pressure of the impinging external medium. This condition can be expressed as
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For any other value of x, v is given by Fig. 1 ). The integration of equation (4) using equation (5) for v and with the condition y ¼ 0 for x ¼ 0 gives the well-known result (DA)
Note that as x → ∞, y tends to the asymptotic value h. Using equation (6) we can relate the mass M of the clump to its scaleheight, h, by integrating the volume of revolution:
where we have used equation (2) for the density. The constant y DA is given by
which has already been derived by Blandford & Königl (1979) . The drag force F D on the clump follows directly from the relation
Substituting the values of a and h from equations (3) and (7) respectively, we then have
To end our discussion of DA's plasmon model, let us note that the model is based on the following implicit assumption. The internal region of the plasmon is assumed to be in hydrostatic equilibrium. This is only possible if t 1 q t 2 , where t 1 ¼ v 0 =a is the time-scale associated with the acceleration and t 2 ¼ h=c is the time-scale associated with the relaxation to hydrostatic equilibrium of the plasmon. In the following section, we will see that no further assumptions are necessary to introduce the effect of the centrifugal pressure in a plasmon model.
THE EFFECT OF THE CENTRIFUGAL PRESSURE
The approach used by DA (which is outlined in Section 2) neglects the effects of the flow that forms behind the bow shock in the pressure balance equation (equation 4). If one assumes that cooling is efficient in the post-shock region, then this region can be considered as geometrically thin (see Stevens, Blondin & Pollock 1992) and its contribution to the pressure balance enters as a centrifugal pressure (see Cantó 1980 and Fig. 2) . In this case, since the curvature of the flow path is negative, the centrifugal pressure opposes the external pressure. Therefore the pressure balance equation, taking into account this contribution, is
where F is the rate of momentum parallel to the shock, and k is the shock curvature. The parallel momentum rate is given by
where v t ¼ v 0 sin v is the component of the ambient medium velocity parallel to the shock, and 2ydy is the differential of area perpendicular to the incoming flow (see Fig. 1 ). The curvature is given by
with y 0 ¼ dy=dx and y 0 ¼ d 2 y=dx 2 . Substituting equations (2), (5), (12) and (13) into (11), one obtains the integro-differential equation
Fig . 3 shows the result of a numerical integration of equation (14), together with the analytic solution obtained when the centrifugal pressure is neglected (DA, see also equation 6). For x=h q 1 the plasmon with centrifugal pressure is wider than that of DA (for the same value of x). When x → ∞ the plasmon without centrifugal pressure has a finite width (y → h, see equation 6), whereas the one with centrifugal pressure increases its width without bound. Actually, it follows y ϳ x 1=3 for large x, as described in Section 4. In the next section, we will demonstrate that the centrifugal pressure also makes a contribution for x p h. J. Cantó et al. ᭧ 1998 RAS, MNRAS 296, 1041-1044 We can obtain the relation between the mass, the scaleheight and the drag force. The calculation for the mass is performed in the same way as in equation (7), except that we use the numerical solution of equation (14) for the shape, yðxÞ. The result is the same (equation 7) except that y DA has to be substituted by the value y ¼ 14:0. The same substitution has to be done in order to obtain the drag force from equation (10). The fact that y > y DA implies that, for a clump of a given mass, the scaleheight is smaller and the drag force is greater when the centrifugal pressure is taken into account.
Finally, we would like to point out that the following approximations have been made in the above discussion. In equations (11) and (12), we have treated the thin shell surrounding the plasmon as if it were stationary. The relaxation time-scale for the shell is t 3 ¼ h=v 0 , which for a supersonic plasmon is shorter than t 2 ¼ h=c. Therefore the t 2 p t 1 ¼ v 0 =a assumption of the original DA plasmon model (see Section 2) already ensures that the thin shell is quasi-stationary, and no further constraints on the parameter range of application for the model are necessary.
Furthermore, we have also neglected the effects of the pressure force and of the acceleration of the plasmon in the equations describing the motion of the thin shell. The pressure force is negligible provided that the motion of the plasmon is supersonic with respect to the sound speed c shell of the material within the thin shell. With respect to the inertial force resulting from the acceleration, if the shell has a thickness D p h, there will be no effect on the pressure stratification perpendicular to the surface of the shell unless the material within the shell is very cold, with a sound speed c shell < c D=h p . From a simple order-of-magnitude estimate, it is also possible to show that the effect of the acceleration on the motion parallel to the surface of the thin shell is negligible if the t 3 p t 1 condition is met.
APPROXIMATE ANALYTIC SOLUTIONS INCLUDING THE CENTRIFUGAL PRESSURE
Approximate analytic solutions of equation (14) can be found in the limiting regimes x Յ h and x q h. Let us start with the x Յ h regime. Note that for x < h the numerical solution and DA's solution are quite similar (see Fig. 3 ). Expanding DA's solution around
Thus the solution of equation (14) for x Յ h must behave in a similar manner around x ¼ 0. Hence one can assume a solution of the form
Substituting this solution and its derivatives in equation (14) (15) and (16), it is clear that the centrifugal pressure makes a difference in the shape of the clump even for x p h.
In the opposite limit (i.e. for x q h), one can neglect the righthand side of equation (14). The exact solution of the resulting equation is
The values of the constants involved in equation (17) (17) can be inverted in an approximate way to obtain y Ϸ 2:25
x ¹ 1:1683
where the limit corresponds to the x q h regime. Fig. 4 shows a comparison between the asymptotic expressions (16) and (17) and the numerical solution of equation (14). It is clear that, in the x < 6 h region, equation (16) coincides with the numerical solution. On the other hand, equation (17) coincides with the numerical solution for x > 4 h. Therefore an analytic solution for all x can be obtained by using equation (16) for x < 4:80 and using equation (17) for x Ն 4:80. The precise value of the matching point is not very important, as both asymptotic solutions have almost identical values for a relatively large range in x around x=h ¼ 4:8 (see Fig. 4 ).
CONCLUSIONS
We have rederived the plasmon solution of DA, carrying out a detailed calculation of the drag force (which was not carried out in their paper). We have then studied the effect of considering the centrifugal pressure of the shocked flow around the plasmon, and found both numerical solutions to the full problem, and asymptotic ᭧ 1998 RAS, MNRAS 296, 1041-1044 analytic solutions valid for x Յ h and for x q h. These two asymptotic analytic solutions can be matched at x Ϸ 4:8 to obtain an approximate analytic solution for the full shape of the plasmon.
The plasmon with centrifugal pressure has properties that are quite different from the solution of DA. The most striking difference is that we obtain a shape that opens out following y ϰ x 1=3 for large distances from the head of the plasmon (while DA's solution has a y → h asymptotic limit).
Furthermore, we find that, even in the region close to the head of the plasmon, the centrifugal pressure has a sizeable effect. For the head of the plasmon (i.e. for x → 0), our solution has y ¼ 2:31 xh p , while DA's solution follows y ¼ 2:0 xh p . Because of the different asymptotic behaviour for large x, our solution has a drag force that is larger than that of DA by a factor of 1.15. From this we see that, even though the shape of the plasmon is quite strongly modified by the centrifugal pressure (see Fig. 3 ), the effect on the motion of the plasmon is quite small.
